Abstract: Environmental cueing that restricts seed germination onto times and places where mortality risk is relatively low may have considerable selective advantage. The predictive power of lab germination responses for field regeneration behaviour is rarely tested. We screened 11 alpine grassland forbs for germination behaviours predictive of microsite and seasonal selectivity, and seed carry-over across years. The predictions were tested in a field experiment. Germination in the lab ranged from 0.05% to 67.9%, and was affected by light (5 species), temperature (6), fluctuating temperatures (4), moist chilling prior to germination (cold-stratification) (6), and dormancy-breaking by means of gibberellic acid (8). Seedling emergence in the field varied from 0.1% to 14.1%, and increased in low-competition microsites (bare-ground gaps and cut vegetation; 7 species), and showed seasonal timing (1 in autumn and 1 in spring), and seed carry-over across years (7). Lab germination responses successfully predicted microsite selectivity in the field and to some extent seed carry-over across years but not seasonal timing of germination. Gap-detecting species were generally small-seeded, low-growing, and found in unproductive habitats. Larger-seeded species germinated in all microsites but experienced increased mortality in high-competition microsites. Seed carry-over across years was lower in alpine specialists than in more widelydistributed species.
INTRODUCTION
A seed that germinates 'bets its life', in a very real sense, on the favourability of the environment until the plant has accumulated sufficient photosynthetic capital to reproduce or to tolerate a wider range of conditions (Angevine and Chabot, 1979; Donohue, 2005) .
Clearly, strategies or life-history traits that decrease the probability of encountering unacceptable growth conditions during germination and establishment may have a strong selective advantage.
Seedling mortality risk is not randomly distributed in space and time, but varies between vegetation types, between microsites with different water, light, and nutrient availabilities, and between seasons (Mack and Pyke, 1984; Forbis, 2003; Graae et al., 2011, Vranckx and Vandelook, 2012; Milbau et al., 2013) . This opens up the possibility for regulating germination in ripe seeds through highly specific germination requirementsoften referred to as environmental cueing responses. The effectiveness of such responses depends critically on the ability of seeds to sense and react appropriately to environmental cues that correlate with times or places where the survival probability is comparatively high.
It has been shown that germination may be initiated or inhibited by minute differences in factors such as temperature regime, light intensity or spectral quality, soil nutrients, or moisture (reviewed in Fenner, 2000; Baskin and Baskin, 2014) . Not only is mortality risk affected by the conditions the seed is facing at any particular time or place, it is also affected by the variability in environmental conditions over time, such as between-year variation in climatic conditions (see Donohue, 2005; Muller et al., 2011) . Under such circumstances germination may be regulated through dormancy, which functions to block germination and thus render seeds inactive under conditions that are suitable for germination (i.e., dormancy sensu Vleeshouwers et al., 1995; Willis et al., 2014) . For example, environmental cueing D r a f t Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland 4 responses may be modified by exposure to dry heat or moist chilling prior to germination (warm-and cold-stratification, sensu Baskin and Baskin, 2014) , enabling germination to be postponed until after a specific event has occurred, such as the passing of a cold or dry season, a fire, etc. (often referred to as 'predictive dormancy'). In situations where mortality risk is not predictably related to the environmental variation the efficiency of environmental cueing and predictive dormancy responses responses breaks down. Under such circumstances, bet-hedging strategies (Venable and Brown, 1988; Philippi, 1993) , leaving a fraction of the seeds dormant through periods of good germination conditions, and thereby ensuring a carry-over of seeds across years and the build-up of persistent seedbanks may buffer populations against stochastic high-mortality events (see Willis et al., 2014) . Relative to seeds that germinate at the first physiological opportunity, both environmental cueing and dormancy (predictive or not) will function to increase the time to germination in ripe seeds, and hence have costs in terms of population growth rate (Donohue et al., 2010) . As the ability to escape predation and disease is inversely correlated with seed size (Leishman et al., 2000) , we should expect species that exhibit such germination-delaying mechanisms to be relatively small-seeded.
Variation in seed germination responses in lab experiments has been found at many scales: within populations (Andersson and Milberg, 1998) , species (Meyer and Monsen, 1991; Schütz and Milberg, 1997; Cavieres and Arroyo, 2000; Wagmann et al., 2012; Spindelböck et al., 2013) , families (Schütz, 1999) , communities (Grime et al., 1981; Olff et al., 1994; Washitani and Masuda, 1990) , and regions (Baskin and Baskin, 2014) . Few studies have explicitly tested the predictive power of lab germination responses for field germination behaviour directly, however, and some of the studies that do have had difficulties detecting field consequences of seemingly interpretable lab germination responses (e.g., Grubb, 1988; Reader and Buck, 1990; Olff et al., 1994; Schütz and Milberg, D r a f t Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland 5 1997; Milberg et al., 2001; Mondoni et al., 2015; reviewed in Donohue 2005 , Donohue et al., 2010 . This suggests that it is difficult to accurately simulate the complex conditions experienced by seeds in the field. The aim of this study is to explicitly test for links between the ecophysiological germination responses of species in lab germination experiments and their recruitment behaviours in the field.
Our study system is the semi-natural subalpine grasslands in Scandinavia, created and maintained by centuries of low-intensity free-range grazing by domestic herbivores ('summer farms', see Austrheim and Eriksson, 2001 ) These grasslands occur as 'habitat islands' scattered throughout the subalpine and low-alpine regions of Scandinavia and support a rich and characteristic flora including forbs and grasses typical of low productivity semi-natural grassland along with subalpine and alpine plants (Austrheim and Eriksson, 2001; Vandvik, 2004) . In perennial grasslands, competition from established plants poses a major challenge for successful seedling establishment. Thus, temporary, low-competition microsites created by individual plant deaths or small-scale disturbances are important for seedling recruitment (Vandvik, 2004; Graae et al., 2011 , Hoyle et al., 2013 Milbau et al., 2013) and diversity maintenance (Vandvik and Goldberg, 2006) in subalpine grasslands.
While the spatial and temporal occurrence of such microsites is stochastic, removal of the plant sward modifies the immediate environment of a seed at the soil surface in predictable ways: changing light spectral quality (e.g., red to far-red ratios) and increasing light transmittance, increasing daily maximum temperature and thermal amplitude, etc.. Consequently, seedling survival probability may be increased by light requirements for germination, or for high or fluctuating temperatures, which may function as gap-detecting mechanisms (Grime et al., 1981; Rice, 1985; Olff et al., 1994; Kotorová and Lepš, 1999; Bullock, 2000; Battla, et al., 2001; Vranckx and Vandelook, 2012) . In the highly seasonal climates of subalpine regions, seedling mortality risk also varies predictably throughout the D r a f t Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland   6 year, opening up the possibility for temporal cueing mechanisms (Thompson and Grime, 1979; Olff et al., 1994; Masuda and Washitani, 1990; Donohue et al., 2005; Willis et al., 2014) . For example, a requirement for prolonged moist chilling prior to germination, especially when combined with germination cued to high temperatures, could inhibit germination in freshly-shed seed in the autumn and effectively delay seed regeneration until the following spring (Grime et al., 1981; Baskin and Baskin, 2014) . Finally, alpine regions also have highly variable summer climates, with a risk of sudden snow-fall and frost throughout the short growing season and thus a possibility of unpredictable 'bad years' both in terms of seed production and seedling survival. It has been argued that such climatic stochasticity may select for 'bet-hedging' dormancy strategies (Philippi, 1993; Donohue, 2005 , Willis et al., 2014 that ensures a carry-over across years of a fraction of the viable seeds. While the empirical support for this hypothesis has largely been been anecdotal, a recent study of long-term germination and seed bank demographies support delayed germination via seed dormancy as a bet hedging strategy for all the 12 most common species a desert annual community (Gremer and Venable, 2014) .
To explore these potential relationships between ecophysiological germination responses in the lab and field regeneration behaviour, we selected 11 herb species representing the wide range of life-histories, biogeographic distributions and ecological characteristics found in subalpine semi-natural grasslands. For each of these species we tested for germination responses to light, temperature and moist chilling pre-treatment in a lab experiment, and we quantified seedling emergence and mortality in the field over two years under four experimental treatments that represent a gradient in competitive regimes (from intact vegetation via cutting to bare-ground gaps). Based on the literature reviewed above, we expect small-seeded, alpine, grassland specialists, and low-stature species to have stronger light and/or temperature germination responses that allow them to detect low-D r a f t Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland 7 competition microsites such as short vegetation or bare-ground gaps in the vegetation sward, and hence to show stronger responses to vegetation removal than larger-seeded species in the field. In contrast, we expect larger-seeded and habitat generalist species to lack these germination responses and hence to recruit from seed across a wider range of microhabitats.
We expect species lacking a requirement for moist chilling prior to germination, combined with low minimum temperatures for germination to recruit immediately following seed-shed in the autumn, and we expect species with a requirement for moist chilling prior to germination and/or high minimum temperature for germination to recruit predominantly in the following spring, after snow-melt. Further, we expect species with non-predictive dormancy and/or low or slow germination in the lab even under 'optimal' germination treatments to show the greatest seed carry-over across years in the field.
MATERIAL AND METHODS

Study system
The study was carried out in subalpine grassland vegetation in eastern Norway, in the Vangrøftdalen valley, Os Municipality (10º49'E, 62º37'N). The landscape is characterized by subalpine birch forest and extensive mire systems, with semi-natural grasslands ('summer farms', see Austrheim and Eriksson, 2001; Vandvik and Birks, 2002) 
Species selection and plant material
We studied eleven species (Campanula rotundifolia L., Gentianella amarella L.
Börner, Gentiana nivalis L., Geranium sylvaticum L., Knautia arvensis Coult., Potentilla crantzii Crantz. Fritsch, Primula scandinavica Brunn, Ranunculus platanifolius L., Trollius europaeus L., Veronica alpina L., and Viola biflora L.) that co-occur within perennial subalpine grasslands in the study area (nomenclature follows the International Plant Names Index (www.ipni.org/index.html). The species were selected to represent a range in seed mass, life histories (annual/biennial to long-lived clonal perennial), seed dormancy classes (physical, physiological, morphophysiological), established plant size, distributional patterns (alpine, lowland, or ubiquitous), regional abundances (scattered or common), habitat preferences (strictly grassland or generalist), bedrock requirements (basic vs. indifferent), and soil fertility requirements (low or high) (Lid and Lid, 2005) (Table 1) .
Seeds (the whole single-seeded fruits of Knautia arvensis and Ranunculus platanifolius are denoted as seeds hereafter) were collected during the summer of 1998 from perennial grasslands, all within 150 km of the field experimental site (see below) and at 700-1000 metres above sea level. Only ripe and undamaged seeds were used, and these were airdried at room temperature, and, to obtain enough seeds per sample for both the field and laboratory experiments, combined in bulk samples, each containing seeds from 1-4 different localities, and from at least 50 mother plants. This implies that our results should be interpreted as species-level responses, with no information about population or individuallevel variation. For the field germination experiment, 20 batches of 100 seeds were prepared and sown within two weeks from collection (see below). The remaining seeds were stored D r a f t Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland 9 dry in paper bags at 4ºC until batches of 50 apparently ripe and undamaged seeds were placed on moist filter paper in a 100 mm seal-tight Petri dish for the lab experiments.
Lab germination experiments
Seed germination requirements were tested in four growth-chamber experiments, investigating the effect of (A) light and temperature, and (B) fluctuating temperatures, (C) a moist chilling pre-treatment (cold-stratification sensu Baskin and Baskin 2014), and (D) dormancy breaking by means of gibberellic acid, GA 3 . The treatment levels were chosen so as to be of relevance for the study system, subalpine grasslands in the boreal zone (see climate data above), as follows:
Light treatments were full light, using standard artificial greenhouse light for a photoperiod of 16 hours per day to match summer light conditions at our latitude, or darkness. Petri dishes receiving dark treatment were wrapped individually in two layers of aluminium foil, and these were opened and counted under a safe green light (< 0.05 µmol/m 2 s).
In experiments (A) and (B), four constant temperature regimes (10ºC, 15ºC, 20ºC and 25ºC) and a diurnal cycle (16 hours at 25ºC and 8 hours at 10ºC) were compared in light and darkness. The 24-hour temperature sums of the 20ºC and 25/10ºC treatments are identical;
by testing germination responses to fluctuating temperature against germination at 20ºC we investigate the effect of the diurnal variation per se.
Seeds were subjected to moist chilling in darkness at 4ºC in a moist environment (achieved by keeping the filter paper moist and sealing the petri dishes, ensuring access to free water) for two months prior to experiments (A) and (B), and germinability in seed batches not subjected to the moist chilling pre-treatment (C) was included to quantify dormancy levels in fresh seeds (Grime et al., 1981; Baskin and Baskin, 2014) . In experiment D r a f t 10 (C) fresh seeds (these were kept in dry storage during the moist chilling period, see above)
were set to germinate at 20ºC in light and darkness, using the germination of moist chilled seeds at 20ºC in light and darkness as controls.
Treatment with gibberellins (GA 3 acids) has proven highly effective in dormancybreaking in a number of alpine species (e.g., Hoyle et al., 2013 ; and references therein) and for different kinds of dormancy (Baskin and Baskin, 2004) , and experiment (D) was therefore included to indicate whether any important environmental cues that may break dormancy and initiate germination had been missed. In experiment (D), the Petri dishes were watered with 800 mg L −1 GA 3 , (selected to be within the range reported in Hoyle et al., 2013 ) and set to germinate in light at 20ºC, using the germination of seeds exposed to a moist chilling pre-treatment at 20ºC in light as controls.
For each factorial combination of treatments x species four replicate Petri dishes containing 50 seeds were used, for a total of 572 Petri dishes and 28 600 seeds. Germination was recorded and seedlings removed after 2, 4, 6, 10, 16, 24, and 32 days. At each count, the positions of the Petri dishes were shuffled and water was added to maintain equal light and moisture levels and prevent drying at warmer incubation temperatures. The experiments were carried out at the Centre for Plant Research in Controlled Climate at the Norwegian University of Life Sciences (www.nmbu.no/tjenester/sentre/skp). Six growth chambers were available, and in order to obtain replication for temperatures, experiments (A) and (B) were run twice with different chamber x temperature combinations in the two replicate runs.
There was no measurable chamber-to-chamber difference in light intensity and spectral quality, or any differential effect of the light treatments on temperatures within Petri dishes (monitored by the technical staff at the Centre). The raw data are available in the Dryad Digital Repository doi:10.5061/dryad.04f8c (Vandvik et al., 2016) .
Seed regeneration in perennial grassland
A field experiment to investigate the seedling emergence and mortality of the 11 species in contrasting grassland microsites was set up at a semi-natural grassland at
Såttåhaugen ( rings to ensure that they would be recognised as 'old' in subsequent censuses. Seedlings of the target species found in plots where they had not been sown were also registered to estimate germination from naturally occurring seeds in the seed bank or seed rain (i.e., the other plots constitute the controls for each target species. Mean number of seedlings in the controls were subtracted from the mean number of seedlings in the treated plots to obtain numbers germinated from the sown seeds. The natural recruitment was always very lowalways less than 5% of the sown seed emergence, and this had minimal impact on the results and analyses). By comparing data across census dates, new germinants could be identified, and mortality and survival determined. New germinants of a sown species in the second year reflects emergence after seed carry-over. After each census the ground level and 5cm plots were cut. This did not affect seedlings directly as they were generally very small (< 1cm) and grew slowly. The raw data are available in the Dryad Digital Repository doi:10.5061/dryad.04f8c (Vandvik et al., 2016) .
Statistical analyses
We used generalized linear mixed effects models (GLMM) with binomial error structure to test for effects of treatments on germination responses over time in the lab experiment, and on seedling emergence and mortality over the seasons in the field experiment. In the lab experiment, germination and success versus failure (i.e., a binomial response) was used as logistic response, the experimental treatments were included as Petri dish was used as a random effect. Second, a model using differences in final germination percentages (total number of seeds germinated) was run. These models only had the experimental treatments and their interactions as fixed effects. For experiments (A) and (B) we used growth chamber as a random effect, for experiments (C) and (D) there were no random effects and we hence used a generalized linear model (GLM) instead. In the field experiment, successes versus failure of germination and mortality between consequent censuses were used as dependent variables, treatment and season as fixed factors, and experimental blocks as random factors. Spearman rank correlations were used to explore the relations between field emergence and mortality and seed mass.
In all models, we accounted for overdispersion, when indicated by the residual deviance, using an additional single-observation random effect in the GLMMs and a quasibinomial distribution in the GLMs. All models were simplified in a backwards selection procedure using likelihood ratio tests and ANOVA tables of the final models were built using Wald II χ 2 tests in the GLMMs and χ 2 tests in the GLMs. 
RESULTS
Germination responses in the lab
Out of the 28600 seeds sown, 6077 germinated during the 32-day lab experiment.
Germination onset, germination rates, and final germination varied greatly among species, where final germination ranged from 0.05% (Ranunculus platanifolius) to 67.9% (Viola biflora) averaged over all treatments, and among treatments, where it ranged from 9.5%
(10ºC, darkness) to 38.1% (20ºC, light, GA 3 ) averaged over all species (Figs. 1, 2).
For three species, Campanula rotundifolia, Potentilla crantzii, and Primula scandinavica, light was the experimental factor that affected germination most strongly, and for these species germination was both earlier and approximately three times higher in light than in darkness (40.9% vs. 13.9%, 16.9% vs. 6.4%, and 58.9% vs. 20.3%, respectively, averaged over all temperatures, Tables 2A, 3A , Fig. 1 ). In Campanula rotundifolia, Knautia arvensis and Veronica alpina there were interactions between light and temperature for final germination (Table 3A) , with temperature optima being higher in light than in darkness for C. rotundifolia and V. alpina (Fig. 1) . In contrast, Knautia arvensis had lower (17.4% vs.
21.9%) and slower germination in light than in darkness at 10ºC, but there were no differences in final germination in the warmer temperatures (Fig. 1) . In Geranium sylvaticum
and Viola biflora there was no effect of light on germination.
Viola biflora was the only species that germinated equally well under all temperature regimes, and for the other species germination rates and final percentage generally increased with temperature but the responses differed strongly among species (Table 2A , Fig. 1 ).
D r a f t
Geranium sylvaticum also germinated at similar rates across temperature treatments, but the onset of germination was earlier and final germination higher at 25°C than at 10°C (Table   2A , 3A, Fig. 1 ). In Campanula rotundifolia germination was generally faster and higher at higher temperatures, but the only significant difference was between final germination percentage 10ºC and 25ºC (Table 3A , Fig. 1 ) In Knautia arvensis germination onset, germination rate, and final germination percentage increased with temperature, so that final germination was lower at 10ºC than at 15ºC, 20ºC, and 25ºC (Table 2A , 3A, Fig. 1 ). In
Veronica alpina, germination was slow and low at 10ºC and rapid and high above 15ºC, so that germination at the lowest temperature differed from the others (Table 2A , 3A, Fig. 1 ), but there were no differences between germination at 15ºC, 20ºC, and 25ºC. Seeds of Potentilla crantzii and Primula scandinavica did not germinate at 10ºC, and in both species germination increased with temperature so that final germination at 15ºC was lower than at 20ºC and 25ºC in P. crantzii (Table 2A , Fig. 1 ) whereas germination onset, rates and percentages differed between all temperatures in P. scandinavica (Table 2A , 3A, Fig. 1 ).
Only one species, Potentilla crantzii, had a significantly positive response to fluctuating temperatures, where germination was both faster and 2.3-fold higher than at 20ºC (40.8% vs. 18.0%) (Table 2B , 3B, Fig. 1 ). In Campanula rotundifolia germination was slower, and in Primula scandinavica it was lower under fluctuating temperatures compared to constant temperatures (Table 2B , 3B, Fig. 1 ).
No species had absolute requirements for moist chilling pre-treatment, and the magnitude of the responses differed considerably (Fig. 2) . In Veronica alpina, Primula scandinavica, and Viola biflora final germination was increased (2.4-fold, 6.9-fold, and 32-fold, respectively) and in Veronica alpina, Knautia arvensis and Viola biflora the onset of germination was earlier in seeds that has been exposed to moist chilling prior to germination, indicating that these seeds are at least partially dormant when shed (Table 2C, Geranium sylvaticum and Potentilla crantzii, however, the final germination of moist chilled seeds was actually lower than in fresh seeds (Table 3C , Fig. 2 ).
Four species, Gentiana nivalis, Gentianella amarella, Trollius europaeus, and
Ranunculus platanifolius, germinated poorly (< 5%) under all temperature, and light treatment, and both with and without the moist chilling pre-treatment. In the first three species, germination at 20ºC was high in seeds treated with GA 3 (34%, 46%, and 93%, respectively) ( Table 2D , Fig. 2 ). Germination of Geranium sylvaticum at 20ºC increased 2.4-fold, from 17% to 45%, by GA 3 . This implies that the seeds were alive and germinable, but that our lab treatments were unable to mimic the field conditions or cues that break dormancy and initiate germination in these species. The remaining six species germinated equally well, or better, under some combination of other experimental treatments in the lab than under the GA 3 treatment, indicating that our lab experiment successfully mimics the environmental cues regulating the germination in these species.
Seedling emergence and mortality in subalpine grassland
Seedlings of all 11 species emerged in the field experiment and a total of 1071 seedlings out of the 22000 seeds sown were recorded over two years, giving an overall mean seed emergence percentage of 4.9% (Table 4 ). In total, 50 seedlings were registered in plots where they had not been sown ( ). As all plots were searched for all species, the 'control' area is 10 times larger than the sown area for each species, the background regeneration of our species was very low (< 1:20 of the sown seedling densities in all cases) and was not considered further.
Significant differences in seedling emergence between microhabitats were found for (Table 5 ). These germination responses predicted microsite selectivity in the field remarkably well (Table 5) . Whereas microsite generalists tended to have large seeds, gap-recruiting species were smaller-seeded so that the generally positive correlation between emergence and seed mass was reversed in gaps (Table 4) . Species with gap recruitment also tended to be small-statured and require basic and relatively infertile soils (Table 1, 3) . Seedling mortality across microsites in the field was not linked to gap recruitment or seed size (Table 4 , 5).
Links between predicted and observed seasonal timing of germination were weak, and links between predicted and observed seed carry-over across years were also weak (Table 5 ). There were generally few links between both lab germination and field recruitment in relation to temporal cueing and species traits, but species with high altitudinal limits tended to have relatively low seasonal carry-over (Table 1, Table 5 ).
DISCUSSION
Our study documents large variation in lab responses to temperature, light, moist chilling pre-treatment, and gibberellic acid, and differences in field regeneration behaviour, among 11 co-occurring perennial forbs in subalpine grasslands in Norway. We find that D r a f t Muller et al., 2011) . Below, we start by discussing potential strengths and weaknesses of the lab and field experiments, and move on to assess the ecological relevance of the lab germination responses for field regeneration behaviour of our target species.
Methodological considerations
Seven out of 11 species germinated to final germination > 20% under at least some combination of the light, temperature, and moist chilling treatments in the lab experiments, allowing us to make interpretations about their germination-regulating mechanisms. We included the gibberellic acid treatment as a proxy for unidentified germination requirements or sources of dormancy (Bell et al., 1995; 1999; Baskin, 2004, Hoyle et al., 2013 ; Table 5 ). For six species we found no, weak, or negative responses in these tests and for these species we therefore conclude that the lab treatments adequately mimic the environmental cues that affect the breaking of dormancy and initiation of germination. For example, in Geranium sylvaticum, GA 3 cancelled out a lower germinability in moist chilled relative to fresh seeds, and we can here identify the trigger of dormancy as the moist chilling prior to germination trials (Fig. 2) . Our results suggest that the dormancy induced by moist chilling in Geranium sylvaticum is reversible, although the conditions that would reverse moist chilling-induced dormancy in nature are still unknown. The fact that dormancy was induced by moist moist chilling is consistent with Geranium sylvaticum having physiological dormancy (cf. Baskin & Baskin, 2014) . In Gentianella amarella, Gentiana nivalis, and D r a f t all other treatments in the lab. For these species we conclude that the seeds were alive and germinable, but that the screening programme was not successful in mimicking the conditions needed to break dormancy and initiate germination. However, the existence of specific, albeit unknown, requirements suggests that it is likely that these species have narrow rather than wide regeneration niches, and may possess dormancy (Bueno et al., 2011) . Ranunculus platanifolius germinated very poorly in the laboratory, both with and without GA 3 . This species has morphophysiological dormancy (Baskin and Baskin, 2014) and our seed treatments may hence be inadequate for preparing these seeds morphologically and physiologically to germinate.
Seedlings of all the sown species emerged in the field experiment, but seedling numbers were generally low. A potential methodological problem is that seedlings may have emerged and died between two consecutive censuses. However, other studies of seed regeneration in alpine and subalpine climates have found that seedling survival is often very high (all species > 50% (Chambers et al., 1990) , 72% during summer and 91% during winter (Austrheim and Eriksson, 2003) , up to 75% but variable, based on a field experiment and a literature review (Forbis, 2003) , cf. Table 4 ), which implies that the seedling turnover within seasons is relatively low. Chambers et al. (1990) attribute this to the generally broad physiological tolerances of alpine species, and suggest that suitable conditions for germination are much more serious constraints for successful recruitment than seedling mortality in cold climates. If this is the case, then the seed germination characteristics should be a powerful predictor for establishment success. This premise is investigated in our study. Geranium sylvaticum, Knautia arvensis, and Viola biflora were insensitive to these cues, indicating that seed regeneration should occur in all microsites (Table 5 ). These predictions were confirmed in the field (Table 5 ; Fig 4) , indicating that vegetation cover and height are important determinants of seed regeneration in some species in these grasslands, and that a species' microsite sensitivity can be detected through lab screening for light and temperature responses. Four species did not germinate well in the lab, but strong GA 3 responses (as found in two of these, Gentianella amarella, and Trollius europaeus, Table 2d ) have previously been suggested to indicate narrow rather than wide regeneration niches (see Bell et al., 1995; 1999; Hoyle et al., 2013) . This may be an explanation for the gap responses of these species (see Fig. 3 ; Table 5 ). The four species with strong light responses also respond to other cues in the lab, and responses interact ( Table 2A ), indicating that there is a tendency for a redundancy of germination-regulating mechanisms (c.f. Hilton, 1984; Milberg, 1997) .
For example, Primula scandinavica (among others, Fig. 1 ) has very high temperature requirements in darkness. This may also contribute to gap-detection, as, although sunshine may heat bare soil considerably even at relatively low air temperatures (Körner, 1999) , and D r a f t
Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland 22 so the probability of encountering high temperatures (e.g. above 20-25ºC) is high on bare ground but very low under a leaf canopy in subalpine climates where the air may never reach such high temperatures, even in mid-season. As predicted (e.g., Leishman et al., 2000) , gapdetecting germination-regulation mechanisms were predominantly found in small-seeded species.
In contrast to the strong and interpretable light responses, the relatively weak effects of fluctuating temperatures in the lab were surprising, especially as this result is in contrast to strong responses documented elsewhere (Schütz, 1999; Vranckx and Vandelook, 2012; Baskin and Baskin, 2014) . One possible explanation for this discrepancy could be that other temperatures, or different amplitudes than the regime investigated here (25/10ºC), are more effective. It is worth noting, however, that the diurnal temperature amplitudes of air decrease with altitude (Körner, 1999) . As cueing is only physiologically possible when the environmental variation has a minimum range and predictability, the effectiveness and consequently the ecological importance of fluctuating temperature responses may decrease towards alpine climates.
All else being equal, we should expect that the capability of seedlings to withstand competition from the established sward should increase with seed mass (Leishman et al., 2000) , resulting in smaller differences in seedling survival of large-seeded species between microsites (Ryser, 1993; Chambers, 1995) . Our results may seem to contradict this, as three out of four species with significantly increased seedling mortality in intact sward microsites were relatively large-seeded; Geranium sylvaticum, Ranunculus platanifolius, and Viola biflora (Table 5 ). However, as discussed above, these species lack gap-detecting germination responses, and thus regenerate in all microsites, including the intact sward, from which many smaller-seeded species are absent. Thus, our results illustrate how environmental cueing mechanisms, when present, may decrease subsequent seedling mortality risk by restricting D r a f t germination to a narrower range of environmental conditions (i.e., the environmental cueing strategy is successful, sensu Donohue, 2005) . Microsite selectivity cannot completely cancel out the survival advantage conferred by having large seeds, however, as the mortality-seed mass correlation is negative, even in bare-ground gaps (although not significantly so).
When both seedling emergence and seedling survival throughout the two-year experiment are taken into account, recruitment was higher in low-competitive microsites compared to the intact sward in nine out of eleven species, Knautia arvensis and Viola biflora being the exceptions (Fig. 3 , Table 5 ). This indicates that microsite availability affects seedling recruitment, which in turn may contribute to our understanding of the mechanisms underlying impacts of disturbance on species composition and population persistence in alpine perennial grasslands (Vandvik and Goldberg, 2006; Graae et al., 2011; Milbau et al., 2013) . The magnitude of the germination responses and field effects vary considerably among species, supporting the view that microsite selectivity during germination should be seen as quantitative rather than on-off traits (Hubbell et al., 1999; Bullock, 2000) .
Timing of recruitment within and across seasons
Moist chilling requirements for germination are frequent in the seeds of temperate species worldwide (Grime et al., 1981; Olff et al., 1994; Washitani and Masuda, 1990; Vranckx and Vandelook 2012; Baskin and Baskin, 2014) , and Meyer and Monsen (1991) argue that dormancy levels should also increase along gradients of increasing winter severity because the detrimental effect of untimely germination increases under harsh winter conditions. In light of this it may seem surprising that moist chilling responses were few and relatively weak in the 11 subalpine species investigated here. Also, in cases when such responses were found, the predicted links to the timing of seedling emergence to after D r a f t
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First, the effectiveness of cueing depends critically on the range and predictability of environmental variation. In subalpine climates the thermal amplitude through the frost-free season is relatively low, in the study area the difference in mean temperature between the start of the growth season in May and the warmest month (July) is only 5.8ºC
(www.DNMI.no). This, coupled with high levels of stochasticity in weather between and within years in mountains (Körner, 1999) , greatly reduces the physiological scope for precise timing of emergence in the field.
Second, seedling mortality risks and hence selective forces also vary with climate. In temperate climates, strategies that enable seedlings to appear in late autumn to early spring and avoid the hazards of summer drought may have a great selective advantage (Grime et al., 1981) . In alpine climates drought is generally less problematic because the lower air temperatures decrease evaporation pressure (Körner, 1999) . At the same time, late spring or early autumn frosts are more frequent and the frost-safe part of the season is shorter. Here, strategies that restrict the frost sensitive seedling stage to the safer mid-season, while avoiding the threats of early spring and late autumn, may give a selective advantage. This may explain why the seeds from our subalpine grassland populations had consistently high temperature thresholds for germination, and germination was significantly reduced at 15ºC
for several species, and at 10ºC for all species but two, Geranium sylvaticum and Viola biflora ( Fig. 1) . High temperature thresholds for germination have previously been reported for northern as compared to southern species in Britain (Grime et al., 1981) , and for mountain as compared to lowland populations within species (Cavieres and Arroyo, 2000;  D r a f t
Vandvik et al., -Recruitment-regulating mechanisms in subalpine grassland 25 1981; Washitani and Masuda, 1990; Kotorová and Lepš, 1999) , where high germination at temperatures down to 2-4ºC is common.
Third, the moist chilling regime applied in this study was short (eight weeks) relative to the winter season the seeds are likely to have been exposed to in the field (ca. eight months). Three species germinated to high percentages only after after the addition of GA 3 (Gentianella amarella, Gentiana nivalis and Trollius europaeus), which is known to bypass dormancy in a number of alpine species (cf., Bueno et al., 2011; Hoyle et al., 2013) . This could suggest that the moist chilling period may have been too short to break dormancy in these species. However, these species also did not emerge immediately after natural moist chilling in the field (i.e., in the spring), instead, all seedlings of Gentianella amarella and Gentiana nivalis emerged in the autumns, suggesting that other germination-regulating mechanisms are operating.
While seed carry-over across years was substantial and occurred in all species, the link with low and slow germination or unidentified dormancy mechanisms as reflected by GA 3 response (Baskin and Baskin, 2004; Willis et al., 2014) is unclear from our data (Table   5 ; cf. Gremer and Venable, 2014) . Dormancy is not the only process that may result in seed carry-over and build-up of persistent seed-banks, however, as germination niche and environmental conditions for seed survival are also important. Seed survival varies with climate as embryonic metabolic rates and the consumption of seed reserves decrease in cold climates (Murdoch and Ellis, 2000; Baskin and Baskin, 2014) , along with the diversity of seed predators and pathogenic fungi (McGraw and Vaverek, 1989) . Seed persistence in the soil may therefore be high in cold climates simply because germination requirements are not met, and/or because conditions for seed preservation are ideal.
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Conclusions
This study tests links between lab germination responses to light, temperature, moist chilling and gibberellic acid and field regeneration behaviour with respect to gap-detection seasonal timing and seed carry-over across years in alpine grassland forbs. We found that gap-detecting germination responses occurred in the majority of relatively small-seeded species and could be well predicted from the species' light and temperature responses in the lab. Larger-seeded species had no such responses and emerged in all microsites in the field.
Several large-seeded species suffered high seedling mortality in high-competition microsites, reflecting the costs of a broad regeneration niche. Seasonal timing of seedling emergence was weak, and not well predicted by germination responses. All species showed considerable seed carry-over across years, but this could only to a limited degree be related to germination responses in the lab, suggesting that the temporal storage may be environmentally enforced rather than dormancy-driven in this system. Baskin and Baskin, 2014 . ‡Not reported in Baskin and Baskin, 2014 , 5 dormancy type(s) inferred from related taxa. All other data are compiled from Lid and Lid (2005) Table 1 ), where * = P < 0.05, ** = P < 0.01, *** = P < 0.005. Total df = 64 per species and response variable (germination, mortality).Entries are means of five replicates. only included for species where this factor had a significant effect ( Table 2, Table 3 ). For each species the solid lines represent germination trajectories of the treatments through time.
Note the different scales on the y axis. Observed germination in response to light and temperature on germination during the 32-day lab experiment for seven subalpine grassland forbs. Four additional species were tested (Comsastoma tenellum, Gentianella amarella, Trollius europaeus, and Ranunculus platanifolius) but these had germination <5% under all treatments and are not presented. For each combination of species x light x temperature x census time, the mean percent germination in four replicate dishes ± 1 SD is shown. Fluctuating (25/10ºC) temperatures are only included for species where this factor had a significant effect (Table 2, Table 3 ). For each species the solid lines represent germination trajectories of the treatments through time. Note the different scales on the y axis.
D r a f t Figure 2 . Observed germination in response to moist chilling and dormancy-breaking by gibberellic acid for 10 subalpine grassland forbs. In addition, and Ranuanculus platanifolius was also tested, but its germination was < 5% under all treatments and is not presented. Lab germination at 20ºC and light, showing differences between fresh seeds, moist chilled seeds (4ºC for two months), and moist chilled seeds treated with gibberellic acid. Within species and treatments, the mean percent germination in four replicate dishes ± 1 SD is shown. For each species the solid lines represent germination trajectories of the treatments through time.
158x130mm (300 x 300 DPI) D r a f t Figure 3 . Illustration of the temporal seedling recruitment trajectories (% of sown seeds present as alive seedlings) of 11 perennial grassland forbs in four experimental microsites during a two-year field experiment in subalpine grassland. Cut treatments refer to vegetation cutting height above ground and the vegetation sward in the uncut control is ca. 20cm. S = spring censuses, A = autumn censuses.
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